Helix (H)27 from Escherichia coli 16S ribosomal (r)RNA is centrally located within the small (30S) ribosomal subunit, immediately adjacent to the decoding center. Bacterial 30S subunit crystal structures depicting Mg 2+ binding sites resolve two magnesium ions within the vicinity of H27: one in the major groove of the G886-U911 wobble pair, and one within the GCAA tetraloop. Binding of such metal cations is generally thought to be crucial for RNA folding and function. To ask how metal ion-RNA interactions in crystals compare with those in solution, we have characterized, using solution NMR spectroscopy, Tb 3+ footprinting and time-resolved fluorescence resonance energy transfer (tr-FRET), location, and modes of metal ion binding in an isolated H27. NMR and Tb 3+ footprinting data indicate that solution secondary structure and Mg 2+ binding are generally consistent with the ribosomal crystal structures. However, our analyses also suggest that H27 is dynamic in solution and that metal ions localize within the narrow major groove formed by the juxtaposition of the loop E motif with the tandem G894-U905 and G895-U904 wobble pairs. In addition, tr-FRET studies provide evidence that Mg 2+ uptake by the H27 construct results in a global lengthening of the helix. We propose that only a subset of H27-metal ion interactions has been captured in the crystal structures of the 30S ribosomal subunit, and that small-scale structural dynamics afforded by solution conditions may contribute to these differences. Our studies thus highlight an example for differences between RNA-metal ion interactions observed in solution and in crystals.
INTRODUCTION
As the most abundant cellular divalent metal ion, Mg 2+ is thought to be crucial to RNA function by promoting folding through a reduction of the electrostatic repulsion between the negatively charged backbone phosphates. RNA electrostatic potential and ion distribution calculations in combination with spectroscopic and thermodynamic measurements have led to our current understanding that a majority of Mg 2+ ions at physiologic (millimolar) concentrations readily traverse the solvent-accessible surface of an RNA and move from one negative potential sink to the next on the millisecond timescale (Manning 1978; Draper 2004; Draper et al. 2005; Woodson 2005 ). Any RNA dynamics will be linked to rearrangements of this diffusely bound, fully hydrated cation cloud around the RNA and vice versa. Occasionally, a Mg 2+ ion may site-specifically reside in a region of particularly high electronegative surface potential, such as close to phosphates partially buried within a tightly folded RNA; however, the energetic penalty for partial dehydration must be overcome to form an innersphere coordinated metal-RNA chelate (Draper 2004; Draper et al. 2005) . Recent advances in X-ray crystallography have yielded many insightful RNA crystal structures, which often depict metal ions bound in specific sites. Relatively little is known, however, about how such seemingly stable metal ion binding sites in the frozen solid state of a crystal compare with metal ion binding properties in solution (Hermann and Westhof 1998; Wedekind and McKay 2003; Draper 2004; Draper et al. 2005; Woodson 2005) .
Helix (H) 27 is located within the decoding region of 16S ribosomal (r) RNA from Escherichia coli ( Fig. 1A ; Wimberly et al. 2000) . Cryo-electron microscopy studies have indicated that relative ratcheting motions of the 30S and 50S ribosomal subunits during translocation are centered around H27 (Tama et al. 2003) , which serves as an intersubunit bridge in a very dynamic region of the ribosome (Peske et al. 2004) . In 1997 Lodmell and Dahlberg proposed that the H27 stem-loop is dynamic and alternates between two plausible base-pairing patterns (Fig. 1B) , the 912-885 (885) and 912-888 (888) conformations, early in the translational cycle. Subsequent crystal structures of ''open'' and ''closed'' forms of the 30S subunit in complex with aminoglycoside antibiotics consistently depict H27 in the 885 conformation (Ogle et al. 2002) , as do crystal structures of hyperaccurate ribosomes containing S12 mutations (Vila-Sanjurjo et al. 2003) . Follow-up studies by the Dahlberg group revealed that their previous findings originated from a synergistic effect between H27 and selective marker mutations (Rodriguez-Correa and Dahlberg 2004) , suggesting that H27 does not need to switch between conformations during translation. In contrast, an isolated H27 exists in a rapid dynamic equilibrium between the 885 and 888 conformations, indicative of a low energy barrier for conformational switching (Hoerter et al. 2004) . A simple extension of the terminal helix of this isolated H27 stabilizes the 885 conformation (Hoerter et al. 2004 ), making it a suitable system to probe the metal ion binding of this ribosomal structural element in solution. This is of particular interest since the 885 conformation contains a loop E motif (Fig. 1B) , a common structural motif in RNA (Leontis and Westhof 1998) . Bacterial 30S ribosomal subunit crystal structures depicting magnesium ion binding sites consistently place two such Mg 2+ binding sites at opposite ends of H27 Carter et al. 2000; Ogle et al. 2001 Ogle et al. , 2002 : one (Mg73) adjacent to the G886-U911 pair and another one (Mg126) within the GNRA tetraloop (Fig. 1B) , a common metal ion binding site (Hermann and Westhof 1998; Maderia et al. 2000; Rudisser and Tinoco 2000; Mundoma and Greenbaum 2002) . The metal-RNA distances are all >2.8 Å , consistent with the notion that these metal ions are outersphere (diffusely) bound. However, it is unclear whether in solution similar and/or additional sites are occupied.
To begin to probe the relationship between metal ion binding sites inferred from crystal data of H27 and those in solution, we have applied NMR chemical shift assays, Tb 3+ footprinting, and time-resolved (tr) FRET-based distance measurements to an extended construct representing the 885 conformation of H27 from E. coli 16S rRNA (Fig. 1B) . Our NMR and Tb 3+ footprinting data verify the crystallographically observed base-pairing pattern and Mg 2+ binding sites in solution Carter et al. 2000; Ogle et al. 2001 Ogle et al. , 2002 . In addition, NMR analyses point to metal ion interactions in the vicinity of the tandem G894-U905 and G895-U904 wobble pairs that are not predicted by the crystal structures, while tr-FRET measurements reveal an end-to-end distance increase in H27 upon association with Mg
2+
. We propose that only a subset of H27-metal ion interactions are described in crystal structures of the small ribosomal subunit where magnesium ion binding sites are observed, and that local dynamics on the NMR timescale afforded by solution conditions may contribute to these differences. Our studies of H27 highlight potential discrepancies between RNA-metal ion interactions in solution and in crystals.
RESULTS

Establishment of the base-pairing pattern of the 885 conformation of H27 in solution
Previous studies by our group have indicated that an isolated H27 exists in a rapid dynamic equilibrium between the 885 and 888 conformations, suggesting a low energy barrier to conformational switching (Hoerter et al. 2004 ). To stabilize a single conformation and suppress any conformational switching, we here have designed an NMR construct with three G-C (C-G) pairs added to the helix terminus that ''lock'' it into the 885 FIGURE 1. Helix 27 is centrally located within 16S rRNA. (A) Secondary structure map of 16S rRNA from E. coli (Cannone et al. 2002) with helix 27 circled. (B) Helix 27 NMR construct. The proposed 912-885 secondary structure of the helix 27 sequence is shown in black. Gray nucleotides were added to preferentially stabilize the 885 conformation for NMR study. Dashes represent canonical Watson-Crick base pairs; dots represent known non-Watson-Crick base pair interactions. conformation (Fig. 1B) . To verify the predicted base-pairing pattern of the 885 conformation, NOESY spectra of exchangeable protons were collected and imino proton resonances assigned by standard strategies. In particular, we used iminoimino and imino-amino NOEs to identify sequential residues, and 1 H-15 N HSQC cross-peaks to unambiguously distinguish G from U imino proton resonances (Wijmenga et al. 1993; Varani et al. 1996) . Figure 2 shows relevant regions of exchangeable NOESY and 1 H-15 N HSQC spectra, with sequential connectivities drawn and resonance assignments labeled. Assignments were initially made in 10 mM Na i PO 4 (pH 6.4), 0.1 mM EDTA, and 50 mM NaCl, in the absence of Mg 2+ , so that the effect of metal ions on specific resonances could subsequently be assessed.
NMR spectra of the 885 construct do not show any U NH3 imino proton resonances within the 12-to 15-ppm WatsonCrick region (Fig. 2) , consistent with the base-pairing pattern in crystal structures that is devoid of canonical A-U base pairs ( Fig. 1B ; Ban et al. 2000; Carter et al. 2000; Schluenzen et al. 2000; Wimberly et al. 2000; Yusupov et al. 2001) . Instead, the imino proton NMR spectrum of our 885 construct displays all of the characteristics of the loop E motif, as first documented by Szewczak and Moore (1995) in the ribosomal sarcin-ricin loop. This includes a far upfield-shifted NH1 imino proton resonance belonging to the looped-out G890 (Fig. 2) . In addition, the spectrum shows a sharply upfield-shifted G NH1 resonance at 10.6 ppm, a GNRA tetraloop hallmark, which we were able to assign to G898 (Fig. 2) . Two upfield U imino proton resonances were also observed between 11.5 and 12.0 ppm that display strong NOEs to upfield G NH1 resonances, indicative of G-U pairing. These resonances were assigned to the U NH3 resonances within the G895-U904 and G886-U911 wobble pairs (Figs. 1B, 2) . The line widths of a number of resonances throughout the molecule are broadened slightly, including G886 NH1, U911 NH3, U904 NH3, and G890 NH1, providing evidence for molecular motion near the G-U wobble pairs and the looped-out base. Nevertheless, the assignable number of imino proton resonances in Figure 2 , together with the high resolution of the spectrum, indicates that the 885 construct forms a single, welldefined hairpin. This hairpin contains key features of the loop E motif, namely, a non-Watson-Crick paired G within the helix and at least two G-U pairs as evidenced by NOESY spectra of exchangeable protons. Therefore, it most likely assumes the conformation observed for H27 in crystal structures of the 30S subunit and the intact ribosome, as expected (Ban et al. 2000; Carter et al. 2000; Schluenzen et al. 2000; Wimberly et al. 2000; Yusupov et al. 2001 construct. Co(NH 3 ) 6 3+ has traditionally been employed as a fully coordinated magnesium hexahydrate mimic because it is strongly positively charged, and its octahedral geometry and the hydrogen-bonding capabilities of its exchange-inert ammonium ligands resemble those of the primary-shell water 3+ hexammine resonance at $3.7 ppm. NMR data were processed with NMRPipe, and spectra were visualized using NMRDraw software (Delaglio et al. 1995 (Kieft and Tinoco 1997; Gdaniec et al. 1998; Rudisser and Tinoco 2000) . Co(NH 3 ) 6 3+ amino protons give rise to an averaged 1 H-NMR signal at $3.7 ppm, and NOEs to this distinctive resonance accurately identify metal ion binding sites within an RNA (Kieft and Tinoco 1997; Gdaniec et al. 1998; Rudisser and Tinoco 2000) . Therefore, we collected NOESY spectra of exchangeable protons for the 885 construct upon addition of hexamminecobalt(III) chloride to a final concentration of 2 mM. Most of the imino proton resonances in the H27 construct exhibit weak cross-peaks to the hexammine resonance and thus association with the metal-ion complex, indicative of diffuse ion binding within the helix grooves. Only a select few resonances display stronger NOEs with the hexammine resonance, suggestive of more specific binding of Co(NH 3 ) 6 3+ ( Fig. 2, top  panel) . Significantly, relevant crystal structures of the 30S ribosomal subunit depict a Mg 2+ ion binding in the major groove of H27 near the G886-U911 pair Carter et al. 2000; Ogle et al. 2001 Ogle et al. , 2002 , consistent with the NOEs we observe from the G887 NH1 and U911 NH3 resonances to the averaged resonance of the ammonium ligands of the Co(NH 3 ) 6 3+ complex (Fig. 2) . Observation of such NOEs may be expected, since Co(NH 3 ) 6 3+ was previously demonstrated to specifically bind to the unusual major groove geometry created by a tandem G-U wobble pair (Kieft and Tinoco 1997) . In contrast, we do not observe a cross-peak between the ammonium ligands of Co(NH 3 ) 6 3+ and the tetraloop G898 NH1 resonance.
Next, magnesium chloride titrations were performed to detect potential Mg 2+ binding sites by chemical shift analysis for comparison with those from our Co(NH 3 ) 6 3+ experiments and those found in relevant 30S ribosomal subunit crystal structures Carter et al. 2000; Ogle et al. 2001 Ogle et al. , 2002 . Figure 3A shows onedimensional 1 H-NMR spectra of the 885 construct acquired in the presence of increasing molar equivalents of Mg 2+ (at an RNA concentration of 0.35 mM in 10 mM Na i PO 4 at pH 6.4, 50 mM NaCl). Almost every imino proton resonance in the molecule shifts slightly (typically <0.05 ppm) in position ( Fig. 3B ), indicating that Mg 2+ binds diffusely throughout the molecule, and/or metal binding induces structural changes that result in a slight shifting of imino proton resonances. As is typical in NMR spectra of RNA, imino resonances broaden with the addition of high concentrations of Mg 2+ ions; however, addition of low (millimolar) concentrations of Mg 2+ first results in the narrowing of several resonances in the molecule, including those belonging to G886 NH1, G895 NH1, G898 NH1, G903 NH1, and U904 NH3, consistent with Mg 2+ -induced stabilization of local and/or global architecture within the molecule (Fig. 3A) .
Specific resonances show relatively significant chemical shift changes with increasing metal ion concentration, suggesting possible specific association with Mg 2+ (Fig. 3A,B) , and/or more substantial rearrangements of local architecture upon metal binding. For these resonances, chemical shift changes as a function of Mg 2+ concentration were fit well with binding isotherms based on stoichiometric, fast exchange binding between the RNA site and a Mg 2+ ion (Lian and Roberts 1993; Gonzalez and Tinoco 1999) . The resulting relative Mg 2+ half-titration points (Mg 1/2 ) are shown in Table 1 . The tetraloop G898 NH1 resonance demonstrates a particularly large (0.13 ppm) downfield (Lian and Roberts 1993; Gonzalez and Tinoco 1999) . Individual resonance positions were found at each metal ion concentration by using the peak finder utility in nmrDraw, and by defining parameters for both a reasonable threshold for positive peak detection and a 2 probability threshold for noise peak rejection, by 2 test.
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shift with a corresponding Mg 1/2 of 1.5 6 0.3 mM. This observation is consistent with previous studies that have shown that GNRA tetraloops bind Mg 2+ tightly (Hermann and Westhof 1998; Maderia et al. 2000; Rudisser and Tinoco 2000; Mundoma and Greenbaum 2002) . Other resonances that display significant downfield shifts were those of U904 NH3 (0.16 ppm) and G887 NH1 (0.12 ppm), with relative Mg 2+ half-titration points of Mg 1/2 = 2.0 6 0.6 mM and Mg 1/2 = 6.1 6 1.1 mM, respectively ( Fig. 3B ; Table 1 ). The resonance shift of U911 NH3 was less significant (0.05 ppm) but fit a binding isotherm, yielding Mg 1/2 = 5.4 6 1.2 mM ( Fig. 3B ; Table 1 ). Other imino resonances display slight upfield shifts with increasing Mg 2+ concentration that fit our stoichiometric binding model, namely, those belonging to G895 (À0.06 ppm), G902 (À0.02 ppm), and G903 (À0.06 ppm); extracted relative Mg 2+ half-titration points were Mg 1/2 = 6.5 6 2.3 mM, Mg 1/2 = 0.7 6 0.6 mM, and Mg 1/2 = 5.4 6 0.9 mM, respectively ( Fig. 3B ; Table 1 ). Among the latter six nucleotides, G902 participates in the closing base pair of the GCAA tetraloop, while G895, U904, and U911 participate in G-U wobble pairs, and G887 and G903 are adjacent to G-U wobble pairs. Such chemical shift changes are consistent with metal ion binding near these locations, as reported in other RNAs featuring G-U pairs (Kieft and Tinoco 1997; Gdaniec et al. 1998; Rudisser and Tinoco 2000) and GNRA tetraloops (Hermann and Westhof 1998; Maderia et al. 2000; Rudisser and Tinoco 2000; Mundoma and Greenbaum 2002) . These data, however, cannot distinguish between the possibilities that the chemical shifts are due to either a direct impact of the cation or structural rearrangements affected by nearby metal ion binding. The fact that G887 and U911 imino proton resonances display strong NOESY cross-peaks to the ammonium ligands of Co(NH 3 ) 6 3+ ( Fig. 2 ) does provide such a distinction and supports the existence of a metal ion binding site in this region, next to the G886-U911 wobble pair. By contrast, we found no evidence for a strong NOE between the tetraloop G898 NH1 resonance and the Co(NH 3 ) 6 3+ amino proton, nor was there evidence for such an NOE involving the U904 NH3 resonance, although these two resonances display the most significant shifts upon addition of Mg 2+ ; a possibility is that Mg 2+ and Co(NH 3 ) 6 3+ may bind to (slightly) different sites within H27.
Terbium(III)-mediated footprinting confirms secondary structure and metal ion binding within H27
The lanthanide metal ion terbium(III) has been used to footprint the secondary and tertiary structure of various RNAs and to identify potential regions of enhanced structural dynamics and Mg 2+ binding (Ciesiolka et al. 1989; Hargittai and Musier-Forsyth 2000; Walter et al. 2000; Jeong et al. 2003; Harris et al. 2004) . Tb 3+ facilitates RNA backbone scission by first binding near the negatively charged backbone phosphate groups and then abstracting the proton from a nearby 2 0 hydroxyl group. The resulting 2 0 oxyanion attacks the adjacent phosphodiester linkage, which results in scission of the nucleotide chain at that location (Ciesiolka et al. 1989; Matsumura and Komiyama 1997 C for 2 h and subsequently analyzed on a denaturing polyacrylamide sequencing gel. Normalized fractions of terbium(III)-mediated scission (expressed as ratio P, see Materials and Methods), obtained from the quantified gel bands, are shown in Figure 4A . A schematic of the Tb885 secondary structure with quantified Tb 3+ hits (occurring between the indicated nucleotides) is shown in (Lian and Roberts 1993; Gonzalez and Tinoco 1999) . This concentration does not necessarily reflect the (unknown) free metal ion concentration so that the derived relative half-titration points Mg 1/2 should only be compared among the resonance shifts observed here (Tanaka and Taira 2005). b Reported D max values are accurate within the digital resolution of the spectrum, which is 0.004 ppm. c As defined in Materials and Methods ) and normalized to P C899. Figure 4B . It reveals that, in general, nucleotides G888-A907 of Tb885 are cut with significantly (up to twofold) greater probability than were regions G881-G887 and A908-C912. These more labile backbone regions are components of the loop E motif, adjacent G-U tandem wobble pairs, and GNRA tetraloop (Fig. 4) . The loop E motif is characterized by an unusual, S-shaped backbone conformation (Leontis and Westhof 1998) . We find that this backbone geometry and perhaps its dynamics make the phosphodiester bonds in this region comparatively vulnerable to scission (Fig. 4) , similar to observations for the related loop E motif of the hairpin ribozyme (Walter et al. 2000) . Other strong Tb 3+ hits within Tb885 are clustered toward the side of the loop E motif closed by the (weak) G894-U905 pair, consistent with metal ion binding in the vicinity of the G894-U905/G895-U904 tandem wobble pairs, in accord with our NMR data. Particularly intense Tb 3+ hits are observed in the tetraloop region, a documented lanthanide metal binding site (Mundoma and Greenbaum 2002) , in good agreement with our NMR data that suggest metal ion binding in the loop. Table 1 compares our terbium(III)-mediated footprinting data for nucleotides where NMR provides independent evidence of nearby metal ion binding.
In summary, our Tb 3+ data support several conclusions from our NMR studies. In particular, scission patterns of the Tb885 construct are consistent with the proposed secondary structure, with weak cuts in the predicted helical regions and stronger cuts in the noncanonical loop E motif, tandem G894-U905 wobble pair, and tetraloop. These observations support the notion that Mg 2+ binding sites reside within the non-Watson-Crick base-paired regions of H27.
tr-FRET reveals differences in end-to-end distance of 885 upon Mg 2+ binding
We find NMR to be a reliable reporter of local structure and metal binding in the H27 conformers, but the observed short-range (<5 Å ) NOE interactions are poor indicators of global conformation. To aid in assessment of more generalized Mg 2+ -induced changes in H27 architecture, tr-FRET was employed. tr-FRET is an established tool to determine, at Å ngstrom resolution, long-range distances between donor and acceptor fluorophores attached to specific sites in an RNA Tinsley et al. 2004) . A conformationally locked 885 construct was synthesized and labeled with donor fluorescein attached to nucleotide 899 in the tetraloop and acceptor tetramethylrhodamine conjugated to a linker on nucleotide 911 in the terminal helix, generating tr-FRET construct F885T. In the absence of Mg 2+ (in 50 mM Tris-HCl, pH 7.5, 50 mM NH 4 Cl; we also repeated these experiments, with similar results, in 10 mM NaP i at pH 7.0, 50 mM NaCl, 0.1 mM EDTA, close to our NMR buffer except for a higher pH to enhance the fluorescein fluorescence; see Materials and Methods), the mean of the tr-FRETderived donor-acceptor fluorophore distance distribution is 51.6 6 0.2 Å . Upon Mg 2+ addition, this mean distance increases to a maximum of 53.1 6 0.2 Å with a Mg 2+ halftitration point of Mg 1/2 = 0.44 6 0.06 mM, as extracted from a modified Hill fit of the distance profile (see Materials and Methods; Fig. 5 ). The full width at half maximum (fwhm) of the distance distribution also slightly increases (by <10%) (data not shown). The overall lengthening observed for F885T at high Mg 2+ concentrations is consistent with our NMR data, which suggest that the 885 conformation is stabilized by the uptake of Mg 2+ .
DISCUSSION
We here have characterized, by several solution probing techniques, Mg
2+
-RNA interactions within a conformationally locked construct representing the 885 conformation of H27 from E. coli 16S rRNA. Our model construct appears to diffusely bind magnesium hexahydrate throughout its full length, as evidenced by the slight shifting of nearly every imino proton resonance upon Mg 2+ addition, www.rnajournal.org 1693 and undergoes small-scale global conformational rearrangements and/or stabilization upon Mg 2+ titration, as suggested by an increase in tr-FRET detected end-to-end distance. NMR NOESY spectra provide evidence for sitespecific association of Co(NH 3 ) 6 3+ with the widened major groove of the G886-U911 pair, as is seen for other RNAs containing G-U wobbles (Kieft and Tinoco 1997; Gdaniec et al. 1998; Rudisser and Tinoco 2000 .
Helix 27 in the context of the ribosome
In phylogenetic comparisons of 16S rRNAs, H27 shows very little variation among species (Gutell et al. 1985) . In all ribosomal crystal structures to date, the loop E motif of the 885 conformation is observed Wimberly et al. 2000) ; the H27 GCAA tetraloop forms tertiary hydrogen bonds with a tetraloop receptor in helix 24 of 16S rRNA (Belanger et al. 2004) and is involved in an intersubunit bridge; the bulged C893 is involved in a cis-Watson-Crick pair with U244; and A909 forms a cis sugar edge/ sugar edge interaction with A1413 Wimberly et al. 2000) . The alternate 888 conformation, first proposed in 1995 based on comparative analysis of 16S rRNA sequences (Lodmell et al. 1995) , was later demonstrated not to be a requisite for protein synthesis in E. coli (Rodriguez-Correa and Dahlberg 2004). However, an isolated H27 adopts a dynamic equilibrium between the 885 and 888 conformations (Hoerter et al. 2004) . It is therefore possible that the structural and electrostatic environment surrounding H27 within the ribosome may slightly alter its structural and metal binding properties from those observed in our solution studies.
Our NMR and terbium footprinting data indicate that the loop E motif of the 885 conformation of H27 is an example of an RNA segment that exhibits small-scale motions. Terbium footprinting reveals that a large portion of the RNA has a relatively susceptible backbone that is prone to Tb Some, but not all, Mg 2+ interactions in the 885 conformation are depicted in the relevant 30S ribosomal subunit crystal structures Crystal structures of the 30S ribosomal subunit that describe coordinates for site-bound Mg 2+ ions do not depict any direct contacts between helix 27 and the small ribosomal subunit proteins Carter et al. 2000; Ogle et al. 2001 Ogle et al. , 2002 , making it one of the few small subunit helices that do not directly interact with protein. Its only near-contact is with the relatively unstructured cationic N-terminal tail of S12 that extends into a pocket adjacent to H27, where lysine 21 lies within 3.7 Å of each one nonbridging phosphate oxygen of A908 and A909 . The associated long-range electrostatic interaction may stabilize the 885 over the 888 conformation in the context of the ribosome, while they are close to isoenergetic in isolation (Hoerter et al. 2004) . Recent studies on the 50S subunit have revealed that metal ions are particularly concentrated in conserved regions of an RNA where proteins are absent (Klein et al. 2004) , suggesting that H27 may represent a strong metal ion binding region. In addition, thermal denaturation studies of loop E motifs revealed a particularly strong Mg 2+ ion dependence for the melting profiles of these RNA constructs, implying that loop E motifs bind Mg 2+ ions specifically (Serra et al. 2002) . Relevant crystal structures of the 30S ribosomal subunit indeed depict two Mg 2+ ions bound to H27 Carter et al. 2000; Ogle et al. 2001 Ogle et al. , 2002 : one (Mg73) in the major groove adjacent to the G886-U911 wobble pair, and one (Mg126) nestled in the GCAA tetraloop (Fig. 6A-C) . How do solution probing data compare with these crystallographically resolved Mg 2+ ions? Crystallographic conditions have typically employed 10-15 mM Mg 2+ , introduced as magnesium acetate and/or magnesium chloride salts . These concentrations are comparable to the concentrations of free Mg 2+ used in our solutions studies (0-20 mM MgCl 2 ). Table 1 and Figure 6 summarize nucleotides where we observe strong NOEs upon the addition of cobalt(III) hexammine as a fully hydrated (outersphere coordinated) Mg 2+ mimic and/or significant chemical shifts in NMR spectra upon addition of Mg 2+ . We find three different scenarios when comparing solution with crystallographic data. First, the imino protons G887 NH1 and U911 NH3 show cobalt-(III) hexammine NOEs as well as Mg 2+ -induced downfield chemical shifts (of 0.12 ppm and 0.05 ppm, respectively) in solution (Table 1) . Both protons are proximal to Mg73 of the ribosomal crystal structures (Fig. 6A,B) , which has its closest contacts with G886 O6, G886 N7, and U911 O4 at 2.82 Å , 4.09 Å , and 3.14 Å , respectively (Fig. 6B) . A subset of 30S subunit crystal structures, such as Protein Data Bank (PDB) 1IBM (Ogle et al. 2001) , assigns an additional Mg 2+ ion, Mg406, coordinated to G887 N7 at a distance of 3.26 Å . Both the NMR and crystallographic data are therefore consistent with outersphere coordination of a Mg 2+ ion in the major grove of this region, next to the G886-U911 wobble pair.
Second, G898 NH1 in the GCAA tetraloop does not detectably coordinate with cobalt(III) hexammine in solution but shows one of the most pronounced downfield chemical shifts (0.13 ppm) upon titration with Mg 2+ . In the crystal structures, Mg126 is coordinated to G898 O6 and G898 N7 at distances of 3.28 Å and 3.77 Å , respectively (Fig. 6C) . Again, the NMR chemical shift and crystallography data are both consistent with outersphere coordination of a Mg 2+ ion in the major groove of the GNRA tetraloop, in agreement with previous observations in other RNAs (Hermann and Westhof 1998; Maderia et al. 2000; Rudisser and Tinoco 2000; Mundoma and Greenbaum 2002) . The fact that no NOE to the cobalt(III) hexammine ligands is observed suggests that the high-charge-density, exchangeinert cobalt(III) complex may bind at a (slightly) different location or with lower affinity than Mg 2+ . In the third case, strong evidence for metal ion binding within the major groove of the helix between the loop E motif and the GCAA tetraloop was observed in our solution studies, while such a metal ion binding site was not detected in ribosomal 30S subunit crystal structures that describe magnesium ion binding Carter et al. 2000; Ogle et al. 2001 Ogle et al. , 2002 . More specifically, Tb 3+ footprinting studies revealed that nucleotides G888-A907 of Tb885 are cut with significantly (up to twofold) greater probability than are regions G881-G887 and A908-C912, consistent with metal ion association with the GCAA tetraloop, as well as the loop FIGURE 6. Map of protons in the 885 conformation of helix 27 that demonstrate either NOEs with cobalt(III) hexammine and/or significant spectral shifts upon addition of Mg 2+ that fit to a one metal per site model, shown in relation to Mg 2+ binding sites in the 30S ribosomal subunit crystal structure. (A) Crystal structure of helix 27 (nucleotides G885-C912) from 16S rRNA in the 30S ribosomal subunit of Thermus thermophilus (PDB identification no. 1FJG) . There are two site-bound Mg 2+ ions assigned in the crystal structure, Mg73 and Mg126, shown in magenta. Nucleotides that are shown to bind the metal ions in crystal structures are colored aqua, and protons that NMR data suggest may be interacting with metal ions (U911 NH3, G887 NH1, U904 NH3, G895 NH1, G903 NH1, G902 NH1, and G898 NH1) are depicted as green spheres. (One of the T. thermophilus C904 amino protons is highlighted to represent the location of the homologous E. coli U904 NH3) proton.) (B) Close-up view of the Mg73 binding pocket. This metal ion is situated within the major groove of H27, interacting with the G886-U911 wobble pair. Nearby RNA keto oxygen and ring nitrogen ligands are colored red and blue: G886 O6 at a 2.82 Å distance; G886 N7, 4.09 Å ; and U911 O4, 3.14 Å . U911 NH3 and G887 NH1, demonstrating strong NOEs with cobalt(III) hexammine in NOESY spectra of 885, are represented again as green spheres. (C) Enlarged view of the tetraloop binding pocket occupied by Mg126. This metal ion is observed at a distance of 3.28 Å and 3.77 Å from O6 and N7 (red and blue, respectively) of the Hoogsteen face of A898 and at a distance of 5.11 Å and 5.38 Å from the nonbridging phosphate oxygens (red) of A900. In our experiments, the G898 NH1 proton (green sphere) shows a dramatic chemical shift in NMR spectra upon addition of Mg 2+ . (D) Electrostatic surface potential map of H27 from the 30S subunit crystal structure, shown in the same orientation as panel A. The S-turn in the backbone creates an unusually deep and narrow major groove that is dense with negative charge, and is likely to be a strong cation binding sink. The U904 NH3 and G895 NH1 protons within this groove (indicated in A by green spheres), shift considerably in resonance upon addition of Mg 2+ . This figure was generated by using pyMOL software (DeLano 2002).
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Solution metal ion binding in 16S rRNA helix 27 E motif and tandem G-U pairs (Fig. 4A,B) . NMR data are also suggestive of metal ion binding in the vicinity of the tandem G-U pairs, as the G895 NH1, G902 NH1, G903 NH1, and U904 NH3 imino proton resonances all display significant titratable shifts upon addition of Mg 2+ ( Fig. 3 ; Table 1 ). In particular, the U904 NH3 resonance shifts downfield more than does any other resonance in the molecule (0.16 ppm), while the other three resonances shift upfield. While there are no metal ions resolved crystallographically around G895 NH1, G902 NH1, G903 NH1, and U904 NH3, these protons are positioned deeply within the highly negatively charged major (deep) groove adjacent to the loop E motif, which is expected to be a particularly strong metal ion binding site ( Fig. 6A,D ; Correll et al. 1997; Serra et al. 2002; Auffinger et al. 2004; Reblova et al. 2004 ). We therefore propose that Mg 2+ either binds near the tandem G894-U905/G895-U904 wobble pairs in solution and not in the crystal or, alternatively, that binding is transient under both sets of conditions (possibly explaining why no NOE with Co(NH 3 ) 6 3+ hexammine protons was observed) so that the metal ion occupancy at this site is too low to produce an assignable signal in crystallographic electron density maps. In addition, if we consider the slightly higher monovalent cation concentration used in crystallization (50 -200 mM) than utilized in our solution studies (50 -100 mM), we cannot rule out the possibility that this particular site is occupied by (undetected) monovalents in the 30S crystal structures.
In summary, we have gathered experimental evidence for metal ion interactions within the distorted major groove near tandem G-U wobble pairs of an isolated helix 27 from E. coli 16S rRNA, which are not depicted in any 30S ribosomal subunit crystal structures. In addition, we find that even in a conformationally stabilized 885 structure, small-scale dynamics occur, and that millimolar Mg 2+ concentrations attenuate these motions. We propose that the interplay of local H27 base and backbone dynamics, as detected here by NMR and terbium footprinting studies, respectively, may contribute to differences in detectable metal ion interactions between dynamic solution structures and relatively static crystal structures. Our studies thus highlight the necessity to continue to complement crystallographic with solution phase detection of metal ion binding in RNA.
MATERIALS AND METHODS
Design and synthesis of the helix 27 NMR construct
Helix 27 RNA construct 885 (5 0 -GGCGGGGAGUACGGCCGC AAGGUUAAAACUCGCC-3 0 ) (Fig. 1B) was designed with the addition of extra G and C nucleotides to the helix terminus of the natural H27 sequence to stabilize the 912-885 conformation over the 912-888 and prevent switching between the two H27 base-pairing patterns. The molecule was transcribed in vitro from a double-stranded DNA template containing a T7 RNA polymerase promoter region, as described previously (Hoerter et al. 2004) . For the uniformly 13 C/ 15 N-labeled sample, isotopically enriched nucleotides (Silantes) were substituted for unlabeled nucleotide triphosphates. Following transcription, EDTA was added to the reactions to a final concentration of 60 mM, and reaction mixtures were extracted with an equal volume of phenol followed by two extractions with equal volumes of a 24:1 CHCl 3 :isoamyl alcohol mixture. Centricon-3 centrifugal filter devices (Amicon) were used to concentrate the protein-free extracts and remove excess nucleoside triphosphates. H27 885 samples were then separated from abortive transcripts and template DNA by electrophoresis on denaturing, 8-M urea, 20% polyacrylamide gels. RNA was detected by UV shadowing, and appropriate bands were excised and eluted by crushing and soaking in 5 mM EDTA. The RNAs were further purified by anion exchange with Sephadex A-25 resin and exchanged into NMR buffer (10 mM Na i PO 4 at pH 6.4, 0.1 mM EDTA, 50 mM NaCl) by using Centricon-3 concentrators. Samples were concentrated to $200 mL, and 99.9% D 2 O (Aldrich) and NMR buffer were each added to the samples in predetermined amounts so that the final volume for each sample was 225 mL, and the final concentration of D 2 O (for lock) was 5%. Final concentrations, determined by absorbances at 260 nm, were $0.35 mM and $0.6 mM for the homonuclear and 13 C/ 15 N isotopically labeled samples, respectively. D 2 O-matched microvolume NMR tubes (Shigemi) were used for data collection.
NMR data acquisition and processing
One-dimensional Mg 2+ titration experiments with the 885 construct were performed at 4 C on a 600-MHz Bruker Avance spectrometer. Spectra were collected with 128 transients, and a jump-and-return water suppression scheme coupled with a WATERGATE pulse train was utilized (Piotto et al. 1992; Grzesiek and Bax 1993) . Sterile-filtered 1 M and 100 mM stock solutions of magnesium chloride hexahydrate, 99.995% (Aldrich), were carefully added to each sample to stepwise increase their Mg 2+ concentrations. Magnesium ion concentrations noted in Figure 3 and referred to throughout the text reflect the final concentration of the added metal ions in molar equivalents, relative to the RNA concentration, and are not adjusted to reflect the free metal ion concentrations according to uptake of metal ions by the RNA or the 0.1 mM EDTA background present in the NMR sample buffer. The sample was allowed to re-equilibrate at 5 C and was relocked and reshimmed, the probe was retuned, and the Õ/2 pulse was recalibrated for each Mg 2+ concentration. Spectra were processed with NMRPipe by using a solvent filter and a cosinebell apodization function and were zero-filled once before Fourier transforming (Delaglio et al. 1995) . NMRDraw was used to visualize each spectrum and detect peaks (Delaglio et al. 1995) . Data were then reprocessed by using Bruker software to create the stacked plot shown in Figure 3 . Plots of chemical shift (accurate to an error of about 60.004 ppm due to limited digital resolution of the spectrum; i.e., sweep width [ppm] divided by number of acquisition points) versus added Mg 2+ equivalents were fit with the following binding isotherm for a system in fast exchange, where the RNA concentration is of the same magnitude as the metal ion concentration (Lian and Roberts 1993; Gonzalez and Tinoco 1999) .
obs is the observed chemical shift, f is the chemical shift of the unbound imino proton, b is the chemical shift of the fully bound proton, [ion] t is the total added magnesium ion concentration in mM, [RNA] t is the RNA concentration, and Mg 1/2 is the magnesium half-titration point. Chemical shifts reported are accurate within the digital resolution of the spectrum, or sweep width (ppm) divided by the number of acquisition points. The digital resolution in the Mg 2+ titration data is therefore 0.004 ppm. It should be noted that the Mg 2+ concentrations used to compute the binding isotherms are added metal ion concentrations and do not reflect the true free metal ion concentration since the polyanionic RNA uptakes an unknown number of the metal ions in solution. Therefore, the extracted magnesium half-titration points, Mg 1/2 , can only be compared relative to those of other resonance shifts within the same sample (Tanaka and Taira 2005) .
NOESY spectra of exchangeable protons with and without cobalt(III) hexammine, as well as the imino 1 H-15 N HSQC spectrum, were also acquired at 5 C on the Bruker Avance 600-MHz spectrometer. NOESY spectra were collected with 350-and 150-msec mixing times for samples with and without 2 mM hexamminecobalt(III) chloride, 99.999% (Aldrich), respectively. NOESYs were acquired with 2048 complex points, 256 increments, and a sweep width of 12,019.231 Hz in both the directly and indirectly detected dimensions. The carrier was placed at the water proton resonance position in all cases. (Marion et al. 1989) , and spectra were processed and visualized with NMRPipe and NMRView software (Delaglio et al. 1995) . Processing for these spectra included apodization with a cosine-bell function, application of a solvent filter, and zerofilling once prior to Fourier transforming.
Terbium(III) footprinting experiments
Helix 27 construct Tb885 (5 0 -CCGCCUGGGGAGUACGGCCGC AAGGUUAAAACUCAGGCGG-3 0 ) was obtained commercially (Dharmacon) and deprotected according to manufacturer's protocols. Tb885 was subsequently 5 0 end labeled by using [g-32 P]ATP and purified by denaturing, 8-M urea, 20% polyacrylamide gel electrophoresis. The band corresponding to the H27 construct was excised and eluted by diffusion into 1 mM EDTA overnight at 4 C and then was ethanol precipitated. For the footprinting reactions, radiolabeled Tb885 (to a final concentration of <4 nM) was first dissolved in 5 mL 23 annealing buffer (100 mM Tris at pH 7.5, 40 mM MgCl 2 , 100 mM NH 4 Cl) and 4 mL distilled deionized water, heated for 2 min at 70 C, and allowed to cool for 5 min at room temperature. One microliter of 103 Tb 3+ solution (20 mM TbCl 3 , 5 mM MES at pH 5.5) was added to the reaction mixture and incubated for 2 h at 25 C. A control reaction containing 5 mM MES (pH 5.5) buffer, instead of 103 Tb 3+ buffer, was also run in parallel; 50 mM EDTA was added to the 10 mL reactions to stop it, and the Tb885 RNA construct was subsequently ethanol precipitated overnight. Precipitated Tb885 RNA was analyzed on an 8-M urea, wedged 20% polyacrylamide sequencing gel after resuspension in loading buffer containing 80% formamide and 0.025% each of xylene cyanol and bromophenol blue. The Tb885 RNA sample was run alongside a sequencing ladder of RNA partially digested by G-specific RNase T 1 and alkaline hydrolysis. Gels were exposed to phosphorimager screens overnight at room temperature, and bands were quantified by using ImageQuant software of a Molecular Dynamics Storm 840 phosphorimager. The relative extent of excision at each nucleotide (P) was calculated as described ; where x is the analyzed nucleotide position in the RNA, and 0 mM Tb(III) is the control reaction, described above. Data from the Tb885 constructs were further normalized relative to the value calculated for P C899 , which allowed for comparison of results from different gels. Results were within 5% error between experiments.
Time-resolved FRET measurements
RNA construct F885T for FRET experiments was synthesized in a singly fluorescein-labeled form by the Howard Hughes Medical Institute Biopolymer/Keck Foundation Biotechnology Resource Laboratory at the Yale University School of Medicine with the same sequence as construct 885 (5 0 -GGCGGGGAGUACGGCCGX AAG GUUAAAACYCGCC-3 0 ), except that the C899 within the GCAA tetraloop and U911, indicated as X and Y respectively, were replaced with Fluorescein dT and Amino-Modifier C6 dT (Glen Research), respectively. The synthetic RNA was deprotected, purified, and subsequently labeled with tetramethylrhodamine succinimidyl ester (Molecular Probes) as previously described (Hoerter et al. 2004) .
The global structures of the doubly labeled, conformationally locked H27 construct F885T were studied as a function of Mg 2+ concentration by tr-FRET analysis. The H27 RNA was annealed by heating for 2 min at 70 C and cooling to room temperature over 10 min. The sample was then incubated at 25 C for !5 min in 50
www.rnajournal.org 1697 mM Tris-HCl (pH 7.5) and 50 mM NH 4 Cl with an appropriate MgCl 2 concentration prior to collection of time-resolved emission profiles of the donor fluorescein using time-correlated singlephoton counting similar to previously described procedures (Walter et al. 1999; Pereira et al. 2002) . To measure donor-acceptor distance distributions, two time-resolved fluorescence decays were collected, with and without the acceptor fluorophore. The fluorescein emission decay in the donor-only complex was used to extract three intrinsic donor lifetimes with their fractional contributions by a sum-of exponentials fit. The data from the doubly labeled complex were then fit with the Förster model for distance distributions, as described . The fwhm of the derived distance distributions did not increase by >10% over the whole range of Mg 2+ concentrations. An additional adjustable fitting parameter that corrects for singly labeled (fluorescein only) RNA was included in these analyses; incomplete acceptor labeling and separation of doubly from singly labeled material combined to give a singly labeled fraction of up to 30%. A control was performed in which the fraction of singly labeled material was intentionally increased by 20%; the singly labeled fraction found in the resulting fit increased accordingly by 20%, as expected. The fits and interfluorophore distances at higher Mg 2+ concentrations were not substantially different when the fraction of singly labeled material was fixed to the value found at zero Mg 2+ or, alternatively, freely varied. Mg 2+ was titrated by incremental addition of 0.5-mL aliquots of appropriate MgCl 2 stock solutions, taking into account the volume change; the volume at the end of any given titration increased by not >8%. Single distance distributions fit well, as judged by the low reduced 2 values (<1.3) and by evenly distributed residuals. To extract absolute distances, a value of 55 Å was used for the Förster distance, R 0 , of fluorescein and tetramethylrhodamine , based on a value of 2 / 3 for an isotropic orientation factor, which was supported by the high mobility of the fluorophores as evident from their relatively low fluorescence anisotropies ($0.12 for fluorescein and $0.26 for tetramethylrhodamine) observed in the F885T FRET construct. Mean fluorophore distances were fit with a modified Hill equation as follows:
where Mg 1/2 is the magnesium half-titration point, n is the Hill coefficient (which was close to unity in both fits indicating lack of cooperativity in metal ion binding), R 0 is the initial FRET distance at 0 mM Mg
2+
, and R max is the FRET distance at saturating magnesium ion concentrations. A similar titration was also performed in an NMR-like phosphate buffer (10 mM NaP i at pH 7.0, 50 mM NaCl, 0.1 mM EDTA) (data not shown). The pH had to be raised from 6.4 to 7.0 since fluorescein emission is pH dependent and the detected signal diminishes as the pH drops below neutral. Nonetheless, FRET data collected in phosphate buffer gave the same absolute distance changes as did data collected in Tris buffer, although the values were offset by $0.5 Å . Extracted Mg 1/2 values for the two data sets were within error of each other.
